Abstract-In this paper, sensitivity analysis of an LCC-LCC compensated bidirectional wireless charging system is presented. In a wireless charging system for electric vehicle applications, the effective load impedance varies significantly with the state-of-charge (SOC) of the battery. Due to the change in system parameters, resonant frequency, and transferred power, the efficiency of the system varies significantly. Sensitivity analysis of the system characteristics reveals the optimal operating region and required control strategy to operate within that region. Sensitivity analysis is even more important for a bidirectional system with mismatched input and output voltage levels. In this paper, the sensitivity of a bidirectional 20 kW wireless charging system is investigated analytically and the results are validated experimentally. The experimental results for a geometrically matched Double-D (DD) coil-based LCC-LCC tuned bidirectional WCS with asymmetric voltage levels show that the voltage gains and input impedance of the system are highly sensitive near the resonant frequency.
I. INTRODUCTION
Wireless charging systems (WCS) for electric vehicle (EV) applications have been extensively analyzed for the last two decades [1] , [2] . They have gained tremendous interest from the automotive industry, academia, and the governments of several countries [3] . Hands-free, automatic, and fast charging system WCS technology, aligns well with the concept of connected and automated vehicles. A diagram of a basic EV WCS is shown in Fig. 1 , where there is typically a transmitter put on or under the ground and a receiver mounted on the undercarriage of the vehicle. While recent progress in efficiency and power density of WCS in a controlled laboratory environment is highly encouraging, they still require improvement to promote wide adoption [4] . The effective load varies widely with the state of charge (SOC) of the EV battery, which affects the system performance with respect to both the efficiency and power transfer capability [5] - [8] . Therefore, the design of the system requires a thorough analysis of the sensitivity of different operating characteristics with respect to the varying system parameters. The amount of power also varies depending on the reference power that the vehicle requires to charge or inject back to the grid depending in the case of bidirection systems.
A comparative study of a primary side series compensation and LCL compensation is discussed in [11] , where the primary side series compensation was found more sensitive than the LCL compensation to variation in the coupling coefficient and load impedance.
Sensitivity analysis of an 11 kW WCS with primary side LCC tuned and secondary side series tuned resonant tank was presented in [9] , where the sensitivity of both the gain and input impedance was shown with respect to variation in the coupling coefficient and load impedance. However, this analysis was for a unidirectional wireless power transfer system. A bidirection system with grid to vehicle (G2V) and vehicle to grid (V2G) services requires understanding the system sensitivity in both power flow directions. In this paper, a double-sided LCC resonant tuning configuration is adopted for a bidirectional system design. Sensitivity analysis for both G2V and V2G power flow directions is performed analytically and verified experimentally. The input DC voltage range of the primary side grid rectified voltage is varied from 675 V to 800 V. The output DC voltage range of the battery is can vary from 310 V to 370 V depending on the battery SOC.
In Section II, the input and output impedance and G2V and V2G voltage gains are expressed analytically. In Section III, their sensitivity with respect to changes in coupling coefficient and load impedance are represented graphically. In Section IV, the sensitivity of the input and output impedance and the gain are verified experimentally using a laboratory prototype of a 20 kW WCS.
II. SENSITIVITY ANALYSIS
A double-sided LCC tuned WCS is shown in Fig. 2 , where Lp and Ls are the inductance of the primary and secondary coils magnetically coupled with a coupling coefficient k. The primary side LCC compensation components are L11, C11, and C12, and the secondary LCC compensation components are L22, C22, and C21. For the transmitter and receiver, a matched DD coil pair is chosen, due to its higher power transfer distance capability compared to the similar nonpolarized circular pad [12] . A SolidWorks model of the transmitter and receiver pads are shown in Fig. 3 .
Although the size and overall geometry of the transmitter and receiver pads are the same, the bidirectional current and voltage characteristics of the resonant tank are asymmetric. The asymmetric current and voltage characteristics are required because the input DC voltage varies from 675 V to 800 V, whereas the output DC voltage at the battery terminals varies from 310 V to 370 V. The asymmetric voltage and current gains are achieved by designing the compensation capacitors and inductors of the WCS transmitter and receiver. The value of the resonant tank parameters and the coupled coils are shown in Fig. 4 . The overall system parameters and their typical ranges are given in Table I . Due to the inherent high quality-factor of the resonant tank of a WCS, the current in the primary and secondary coils is sinusoidal with a fundamental resonant frequency. Therefore, the first harmonic approximation (FHA) can be adopted for system analysis. The FHA equivalent circuit of the primary and the secondary resonant tank is shown in Fig. 4 , where the input voltage and output voltage represents the fundamental components of the voltage at node A-B and node C-D.
For sensitivity analysis, a detailed analytical model of the input and output impedance and voltage gain was derived from the FHA equivalent circuit. As the system has asymmetric voltage gains for G2V and V2G power flow (i.e., charging and discharging), the sensitivity of the voltage gain has been the primary focus of this study. The phase of the input impedance reveals the resonance frequency of the system and the power factor of the input. Therefore, the sensitivity of both the magnitude and the phase of the voltage gain and the input impedance are investigated.
A. Gain and Impedance Analysis
For various power levels, the voltage levels of the battery and grid are regulated at 350V and 800V respectively, while the current varies with power. This is achievable by the controller providing a stable grid supply and high state-of-charge (SOC) of the Lithium-ion battery.
The circuit configuration to measure the input impedance and gain for G2V power flow (i.e., charing mode) is shown in Fig. 5(a) , where the equivalent DC load resistance of the battery is represented as an equivalent ac resistance . Similarly, an equivalent ac resistance is put at the input of the resonant tank for the V2G power flow (i.e., discharging mode), as shown in Fig. 5(b) . The equivalent ac load resistances at the input and output terminals can be expressed as follows:
where, is the grid rectified DC input to the transmitterside inverter. The equivalent ac-load resistances and at the input and output terminal of the resonant tank for different power levels at unity duty ratio are given in Table II  and Table III . The variation of the input impedance and the gain for the corresponding G2V and V2G power levels are simulated and validated through experimental results in the following sections.
III. SIMULATION RESULTS
In this section, the current and voltage characteristics of the input, output, and resonant tank have been presented for rated power. Then, the sensitivity of the input and output impedance and voltage gains have been investigated for varying power levels. All these analyses are shown both for the charging and discharging mode of operation.
A. I-V Characteristics during Charging and Discharging
The PLECS simulation results for charging and discharging conditions are presented in this section. Primary and secondary resonant tank voltage and current waveforms are shown for charging mode in 
B. Sensitivity Analysis of G2V and V2G Characteristics
In this section, the G2V and V2G sensitivity analysis are presented. The variation of the input and output impedance and voltage gain is investigated with respect to variation of power level.
The proposed system has two different voltage levels at the input and output DC link. The grid rectified input DC voltage ranges from 675 V to 800 V while the vehicle battery voltage ranges from 310 V to 370 V. The nominal voltage of the input and output DC link are considered 800 V and 350 V, respectively. Therefore, at the rated power of 20 kW, the G2V system operates in buck mode with a nominal gain of 0.43 and the V2G system operates in boost mode with a nominal voltage gain of 2.2.
The primary power flow direction in this bidirectional system is from grid-to-vehicle. Typically the vehicle-to-grid power flow is lower in such a system. In this study, the G2V power range is considered 20 kW to 30 kW and the V2G power flow range is considered 10 kW to 20 kW.
The G2V input impedance and the voltage gain / are shown in Fig. 10(a)-(d) for different power levels. These figures show that the voltage gain varies significantly with power around the resonant frequency of 22 kHz. Similarly, the sensitivity of the magnitude and phase of the output impedance and voltage gain / are shown in Fig. 11(a)-(d) . These figures also show that the voltage gain varies significantly with the power level. This disrupts the voltage ratio at the resonant frequency, limits the power flow capacity, and increases the complexity of power flow control.
The frequency response results also show that both the gain and phase of the impedances are highly sensitive to the frequency, especially near the resonant frequency. Considering the variation of airgap and misalignment conditions, peak gain sensivity to the frequency would be more important. 
VI. EXPERIMENTAL RESULTS
The system sensitivities are experimentally tested with respect to the load variation in a 20kW experimental setup as shown in Fig. 12 . Both the transmitter and receiver of the WCS are matched DD-coils separated to give the receiver a ground clearance of 280 mm. The sensitivity of the system is evaluated with respect to the output power variation.
The frequency response of the impedance and gain is measured using a network analyzer (BODE 100) for various loads. As the nominal input and output DC voltages are 800 V and 350 V respectively, the equivalent load resistance is different for G2V and V2G operation. The equivalent load resistance at the input and output terminals of the resonant tanks are chosen based on the values given in Table II and Table III . High precision resistors with 1% tolerance are used for the measurement. 
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Experimental results for the G2V mode are shown in Fig.  13(a)-(d) . The input impedance and the input-output voltage gain validate the analytical study of the system characteristics. The sensitivity of the magnitude and phase of the V2G mode are shown in Fig. 14(a)-(d) . The input impedance and the voltage gain in this mode also agree well with the analytical results. The V2G gains are more sensitive to the power variation than the G2V gains. In both cases, the sensitivity of voltage gain is high and impacts the power transfer capacity and current gain of the system.
Both the magnitude and the phase experimental results show a significant variation with the load, especially near the 22 kHz resonant frequency. The input impedance phase angle is an indicator of the input power factor and it shows a large slopes near 22 kHz. This demonstrates that at the nominal operating point, the inverter can acheive a high power factor while operating around the resonant frequency. The significant linear region of input impedance phase variation indicates that the operating frequency may be adjusted by the controller to achieve zero-voltage switching. This will reduce the system losses and improve efficiency.
Finally, the voltage gain shows a variation with respect to the power, demonstrating the system has a larger voltage gain at light load. This indicates the input voltage may need to be adjusted to achieve the desired load power. Conversely, the results show a decrease in the voltage gain with the increase in power level, indicating a limited maximum power can be transferred for a certain grid voltage. In this paper, sensitivity analysis of the voltage gains and input impedances for a bidirectional LCC-LCC compensated 20 kW wireless charging system is presented. Both the analytical and the experimental results show that the frequency response of the input and output impedance and voltage gain varies significantly with the effective load resistance of the battery. This variation is critical for the bidirectional wireless charging system with asymmetric input and output voltage levels because it limits the power transfer capacity in both gridto-vehicle and vehicle-to-grid operating modes. The sensitivity also increases the complexity of control required to regulate power flow. The results signify that the sensitivity of the system characteristics needs to be accounted for in the design and control of the system.
